One method by which to identify fundamental biological processes that may contribute to age-related disease and disability, instead of disease-specific processes, is to construct endophenotypes comprising linear combinations of physiological measures. Applying factor analyses methods to phenotypic data (2006-2009) on 28 traits representing 5 domains (cognitive, cardiovascular, metabolic, physical, and pulmonary) from 4,472 US and Danish individuals in 574 pedigrees from the Long Life Family Study (United States and Denmark), we constructed endophenotypes and assessed their relationship with mortality. The most dominant endophenotype primarily reflected the physical activity and pulmonary domains, was heritable, was significantly associated with mortality, and attenuated the association of age with mortality by 24.1%. Using data (1997-1998) on 1,794 Health, Aging and Body Composition Study participants from Memphis, Tennessee, and Pittsburgh, Pennsylvania, we obtained strikingly similar endophenotypes and relationships to mortality. We also reproduced the endophenotype constructs, especially the dominant physical activity and pulmonary endophenotype, within demographic subpopulations of these 2 cohorts. Thus, this endophenotype construct may represent an underlying phenotype related to aging. Additional genetic studies of this endophenotype may help identify genetic variants or networks that contribute to the aging process.
One of the hypotheses in the field of aging is that fundamental biological processes, in addition to disease-specific processes, may contribute to age-related disease and disability. Identification of environmental factors or networks of genes that influence these fundamental processes of aging could lead to insights or interventions that may promote a long and healthy life for many individuals. One common measure of healthy aging is disease-free survival, usually measured at a specific older age; however, investigators have shown that continuous measures of subclinical disease are more reflective of survival (1) . Subclinical measures or biomarkers of disease probably reflect interactions among underlying biological networks; thus, endophenotypes derived from such measures may better characterize fundamental aging processes than any single trait. Recently, Cohen et al. (2) used principal-component analyses on a set of biomarkers and identified an "integrated albuminemia" endophenotype that was replicated across 3 populations and correlated with mortality; thus, it may reflect an underlying physiological process related to aging.
In 2010, Matteini et al. (3) developed 5 endophenotypes comprising linear combinations of 28 traits associated with subclinical disease across 5 health domains using data from 3,224 participants in the Long Life Family Study (LLFS). These endophenotypes were heritable, but their relationship to mortality and validity in other cohorts or subpopulations was not assessed. In the current analysis, we derived endophenotypes for 4,472 participants in the LLFS, assessed their relationship with mortality, and validated these endophenotypes and mortality relationships in the Health, Aging and Body Composition (Health ABC) Study cohort, as well as in demographic subpopulations of both cohorts.
METHODS
The LLFS is a study of a family-based cohort recruited between 2006 and 2009 at 4 study sites across the United States and Denmark. Family ascertainment has been described previously (4) . Briefly, sibships were selected on the basis of the exceptionality of a sibship's survival into old age using a family longevity selection score (4) . In addition, the offspring and their spouses (as controls) were recruited. For the current study, complete phenotype data were available from 574 families (1,292 probands and siblings, 2,401 offspring, and 779 spouse controls). Prior to recruitment into the study, all participants provided written, informed consent.
Endophenotype development overall and in subpopulations
In the LLFS, we performed factor analyses on phenotypic data for 28 traits from 5 health domains (cognitive, cardiovascular, metabolic, physical, and pulmonary) as described by Matteini et al. (3) . Briefly, outliers (4 standard deviations away from the mean) were removed and, to reduce nonnormality, data on 10 traits were transformed by natural logarithm transformation (triglycerides, pulse pressure, creatinine, systolic blood pressure, high-density lipoprotein (HDL) cholesterol, fasting glucose, glycosylated hemoglobin, waist circumference) or square-root transformation (average grip strength and maximum grip strength). Because individuals in the study were related, we obtained an unbiased estimate of the correlation matrix by randomly choosing 1 individual from each family and calculating correlations among variables. This procedure was carried out 1,000 times, and a matrix of average correlations was used to perform factor analysis with principal factor extraction and varimax rotation using the principal function in the R (http://www.R-project.org/) (5) package psych (6) . Endophenotype values for 4,472 participants with complete data (including probands, siblings, offspring, and spouse controls) were then calculated for each individual by multiplying the eigenvectors for each factor by their corresponding generation-adjusted, transformed, and standardized trait values. The above process was repeated for each subpopulation.
Heritability and mortality analyses
Heritability, the proportion of phenotypic variance due to additive genetic effects, was estimated for each endophenotype using pedigree-based maximum likelihood methods as implemented in SOLAR (7) . Age, sex, and recruitment site were included as covariates in the model. Residual heritability is the proportion of additive genetic variance that remains after the influences of measured covariates have been removed. Associations of endophenotypes with mortality in the proband generation were tested using Cox proportional hazards mixed-effect models with the R (5) package coxme (8), which accounts for the family correlation structure by incorporating a kinship matrix using its varlist option. The proportional hazards assumption was tested in Cox models using standard log t tests. A prediction area under the receiver operating characteristic curve was also calculated for each model to enable a comparison of the mortality predictions of the different models on a common scale (9) .
Replication
We used phenotypic data on 1,794 European-American individuals from the Health ABC Study, a longitudinal study of healthy men and women aged 68-80 years at baseline (1997) (1998) . All participants provided written, informed consent prior to recruitment into the study, and data were available for all traits except those belonging to the cognitive domain. For each trait, outliers (±4 standard deviations away from the mean) were removed, and the same transformations were applied as in the LLFS. The traits were also standardized. Factor analysis was conducted in R (5) using varimax rotation, allowing for 4 factors overall and within subpopulations. Individual endophenotype scores for each factor were calculated by multiplying the eigenvectors by their respective standardized trait values.
We also compared mean differences between the LLFS ( proband and offspring generations) and Health ABC cohorts for the quantitative traits in 4 domains using maximumlikelihood-based methods (7) that accounted for the nonindependence of the related individuals in LLFS. Because LLFS participants encompassed a much larger age range than the Health ABC participants, for the comparison of mean values we restricted the age ranges of the LLFS offspring (from 30-88 years to 60-88 years) and proband (from 55-105 years to 55-90 years) cohorts for better overlap with the Health ABC cohort (age range, 68-80 years).
RESULTS

Cohort characteristics
Characteristics of the LLFS and Health ABC participants are summarized in Table 1 . The ages of the LLFS participants (including the probands, offspring, and spouses) ranged from 24 years to 105 years overall; mean ages overall and for the proband and offspring generations were 68.7, 88.5, and 60.5 years, respectively. Mean age in the Health ABC cohort was 73.8 years, approximately midway between the proband and offspring generations, with a narrow range (69-80 years). Women comprised 55% of the LLFS cohort and 48% of the Health ABC cohort. Participants were recruited approximately equally from each field center in the LLFS (Boston, Massachusetts: 26%, Denmark: 26%, New York, New York: 21%, Pittsburgh, Pennsylvania: 27%) and Health ABC (Memphis, Tennessee: 52%, Pittsburgh: 48%) cohorts. The specific measures of cognition used in the LLFS were not available for the Health ABC cohort. In general, many of the (unadjusted) mean values in the Health ABC Study were between the means for the LLFS proband and offspring generations, as would be expected for characteristics that have strong . g Physical performance was the sum of results from chair stands, a set of balance tests, and walking performance on a short-distance walk (38) . Units could range from 0 to 12.
h Lung disease was defined as a self-report of a previous diagnosis of chronic bronchitis, emphysema, or chronic obstructive pulmonary disease.
correlations with age. However, several of the unadjusted means for Health ABC were lower (e.g., HDL cholesterol) or higher (e.g., gait speed) than those for LLFS. After incorporating covariates into the models and adjusting for multiple tests and relatedness, we determined that the mean values for several traits differed significantly between Health ABC and the age-restricted sample from the LLFS proband and offspring cohorts (see Web Tables 1 and 2 , available at http://aje. oxfordjournals.org/). Specifically, compared with Health ABC participants, LLFS probands and offspring had significantly 
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(all P's < 0.003) higher diastolic blood pressure, HDL cholesterol, and body mass index (weight (kg)/height (m) 2 ) but lower pulse pressure, triglycerides, glycosylated hemoglobin, grip strength, and gait speed.
Estimation of endophenotypes and heritability in the LLFS
Eigenvalues and eigenvectors for the first 5 factors for the LLFS (LLFS factors (LFs)) are shown in Table 2 . The first factor (LF1) was dominated by the physical activity and pulmonary domains and explained 13.9% of the variation. The second factor (LF2) was dominated by measures from the metabolic and cardiovascular domains and explained 10.7% of the variation. The third factor (LF3) predominantly comprised measures from the cognitive domain and explained 9.3% of the variation. The fourth factor (LF4) strongly reflected blood pressurerelated traits (hypertension, systolic and diastolic blood pressure, and pulse pressure) and explained 9.1% of the variation. The fifth factor (LF5) was dominated by cardiovascular measures and explained 7.7% of the variation.
Age, sex, and recruitment center explained 53% of the total variation in LF1, which was dominated by the physical and pulmonary domains (Web Table 3 ). These covariates accounted for less of the total variation in the other factors, ranging from 7% to 16%. After accounting for variation attributable to covariates, genetic factors accounted for a moderate proportion of the residual phenotypic variation of each endophenotype; residual heritability (h 2 r) for factors 1-5 was 0.51, 0.39, 0.38, 0.21, and 0.23, respectively (Web Table 3 ).
Endophenotypes in the Health ABC cohort
Eigenvector and eigenvalues of the first 4 endophenotypes for the Health ABC Study are presented in Table 2 . The first Health ABC factor (HF1) was dominated by physical and pulmonary function measures, similar to the LLFS results. In addition, the second factor in Health ABC (HF2) was heavily weighted by measures in the cardiovascular and metabolic domains. The cognitive domain measures were not available in Health ABC, so we did not observe the equivalent of LF3. However, factors 3 and 4 in Health ABC (HF3 and HF4) were dominated by blood pressure and lipid measures, respectively, and these results were similar to those observed for LF4 and LF5.
Because the Health ABC Study did not have data on the same cognitive measures as the LLFS, we also derived endophenotypes in LLFS after excluding the cognitive domain variables. Again, the magnitude and direction of the eigenvectors corresponding to the "no cognitive domain" endophenotypes (Web Table 4 ) were very similar to those of the endophenotypes LF1, LF2, LF4, and LF5 derived over all domains, as well as those from the Health ABC cohorts (HF1, HF2, HF3, and HF4).
Endophenotypes and mortality in the LLFS
We next assessed whether the 5 LLFS endophenotypes were associated with mortality (as of 2014) in the proband generation. Of the 1,292 probands and siblings, 558 (43%) were deceased after a mean follow-up time of 4.0 (standard deviation, 1.6) years. We performed Cox regression analyses to assess whether factors 1-5 improved prediction of mortality as compared with baseline age and sex (Table 3) ; all models met the proportional hazards assumption. As expected, baseline age and sex were statistically significant predictors of mortality; increasing age was associated with increased mortality (P < 10 −10 ), whereas female sex was associated with lowered mortality (P < 10
−4
). The area under the ( prediction) curve was 0.736, indicating that these 2 variables were able to discriminate between participants who died and those who did not after 4.0 years of follow-up. The addition of LF1 ("physical and pulmonary function") increased the level of discrimination from 0.736 to 0.749. More interestingly, LF1 was significantly associated with lowered mortality (hazard ratio (HR) = 0.874; P < 10 −6 ) (10, 11), and it attenuated 24.1% of the association with age. Similarly, LF3 ("cognitive") was significantly associated with decreased mortality (HR = 0.904; P < 10 ), and it attenuated 18.9% of the association of age with mortality. Endophenotypes LF4 ("blood pressure") and LF5 ("lipids") also were significantly associated with decreased mortality (P < 10 −4 and P < 10
, respectively) but did not attenuate the association with age. Finally, LF2 ("metabolic") was not significant and did not contribute to the discriminatory ability of the model. These results indicated that LF1 and LF3 were significant predictors of mortality and that they attenuated the association with age.
Endophenotypes and mortality in the Health ABC Study
Of the 1,794 individuals in the Health ABC cohort (as of 2014), 987 (55%) were deceased after a mean follow-up time of 11.9 (standard deviation, 4.4) years. All models met the proportional hazards assumption except, marginally, HF1 (P = 0.03), but a sex-specific baseline hazards model did not produce significant results, and the results for age attenuation and area under the curve were almost identical to those from the model reported. Although the discriminatory abilities of the models in the Health ABC cohort were lower (area under the curve = 0.649-0.692), most likely because of the longer follow-up time in the Health ABC cohort, the results (Table 4) were similar to those obtained in the LLFS. The HF1 endophenotype was significantly associated with decreased mortality (HR = 0.906; P < 10
) and attenuated the association with age by 18.7%. HF2 ("metabolic") was significantly associated with increased mortality (P < 10
−3
). In contrast, HF3 ("blood pressure") was not associated with mortality, whereas HF4 ("lipids") was significantly associated with decreased mortality (HR = 0.923; P < 10
−5
). However, none of the latter 3 endophenotypes attenuated a large component of the age association.
Endophenotypes in demographic subgoups of LLFS and Health ABC
For each of the subgroups, we re-derived endophenotypes and performed mortality analyses. The loadings of the rederived endophenotypes and their associations with mortality for the subpopulations were strikingly similar to those obtained using data on the entire cohort, but there were a few differences (Table 5 and Web Table 5 ; results for endophenotypes 3-5 were similar but are not shown). For example, traits related to HDL cholesterol, creatinine, and waist circumference contributed minimally to factor 1 in LLFS males and females in both cohorts but had stronger contributions over the entire cohort and for other subgroups. The moderate association (loading = −0.30) between cholesterol traits and HF1 in Health ABC males was probably due to a small sample size; an analysis of males across both cohorts revealed loadings similar to those for LLFS males. Furthermore, although factor 1 explained the largest proportion of variance in each subgroup, the proportion of variance explained by the other endophenotypes varied. For example, in probands, LF3 ("cognitive") accounted for a larger proportion of the total variance than did LF2 ("metabolic"), whereas in offspring, LF3 ("cognitive") accounted for a smaller proportion of the total variance than did LF4 ("blood pressure"). These latter results are consistent with our current expectations of the relative impact of different domains of health at different ages.
DISCUSSION
In the current study, we re-derived 5 healthy-aging endophenotype constructs using a larger cohort from the LLFS and also obtained similar endophenotype constructs for the Health ABC cohort, as well as within demographic subgroups of these 2 cohorts. Furthermore, we have shown that the most dominant endophenotype for both cohorts was significantly associated with decreased mortality and that it attenuated the association with age by 24.1% and 18.7% in LLFS and Health ABC, respectively.
We performed factor analyses to develop 5 endophenotypes comprising 28 trait measures from 5 health domains Age-Related Endophenotypes and Mortality 931 Table continues (cognitive, cardiovascular, metabolic, physical, and pulmonary) using data from the LLFS. The dominant traits and eigenvectors of the first 5 endophenotypes were strikingly similar to previously reported results based on a subset of these individuals (Web Table 4 ). The first factor predominantly reflected the physical activity and pulmonary domains, whereas the second factor reflected the cardiovascular and metabolic health domains. LLFS factors LF3, LF4, and LF5 predominantly reflected the cognitive and cardiovascular (blood pressure traits and lipid traits) domains, respectively. When we performed factor analyses using data on the same traits from 4 of the health domains in the Health ABC cohort (data on the cognitive domain traits were not available), both the composition and eigenvectors of the 4 Health ABC endophenotype constructs were very similar to those obtained in LLFS (Table 2) . Furthermore, factor analyses performed by generation, sex, and site within each cohort also revealed similar endophenotype constructs (Table 5 and Web Table 5 ).
The results of the factor analyses on data from the LLFS and Health ABC cohorts indicated that these endophenotypes might be capturing an underlying phenotype. These results were even more intriguing given that the (covariate-adjusted) mean values for many traits used in the development of the endophenotypes differed significantly between the LLFS and Health ABC cohorts (Web Table 1 ). Similarly, covariateadjusted means between subpopulations differed. For example, 10 out of 19 trait means differed significantly between the Memphis and Pittsburgh sites in the Health ABC Study (results not shown), but the endophenotype constructs were similar among subpopulations and similar to those from the cohort overall. This reproducibility across cohorts and subpopulations is consistent with a recent study in which Cohen et al. (2) performed principal-component analyses on 43 biomarkers with data available from 3 different cohorts (2 from the United States and 1 from Italy). These investigators showed that their first 2 axes (endophenotypes) were reproducible across cohorts and within subpopulations (e.g., age group, sex) and were associated with mortality. They also proposed that their endophenotypes might be capturing underlying aging phenotypes. Their endophenotype constructs differed from ours because the traits differed (i.e., biomarkers only vs. biomarkers plus physical and functional measures).
We also assessed whether the endophenotypes were predictive of mortality and determined that the endophenotypes reflecting physical and pulmonary function (LF1 and HF1) were significantly associated with mortality in both cohorts. Higher LF1 and HF1 values were independently and significantly associated with lower mortality (hazard ratios < 1.0), and they also attenuated 18%-24% of the association of increased age with mortality in their respective cohorts.
The association between LF1 (and HF1) and mortality is consistent with current knowledge. Pulmonary function and grip strength are both considered indicators of overall health and vitality and hence are strongly associated with each other (12, 13) . Both physical function and pulmonary health decline at older ages, possibly because of overall age-related decline in skeletal muscle strength (14) . Decline in muscle strength has been shown to be associated with disability, morbidity, and mortality (15) (16) (17) (18) . Grip strength, which is a Table 5 . 
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surrogate measure for overall muscle strength (19) , has been proposed as a predictor of frailty (20) and has been shown to be associated with long-term survival in middle age (21) and in older years (22) . Pulmonary function also has been associated with decline in mobility in older individuals (23) and is a risk factor for mortality (24, 25) . Thus, this endophenotype may reflect an underlying phenotype associated with exceptional aging, perhaps related to skeletal muscle strength. The significant association between LF3 (the cognitive domain) and decreased mortality is consistent with other studies of the association between cognitive function and mortality (26) (27) (28) . Because the same cognitive tests were not conducted in the Health ABC cohort, we could not assess this specific endophenotype. The relationships between mortality and endophenotypes reflecting the metabolic syndrome (LF2), blood pressure (LF4), and lipids (LF5) were less consistent between the 2 cohorts, perhaps because of a more adverse metabolic profile in the Health ABC cohort than in the LLFS cohort (Web Tables 1 and 2 ). Despite these differences in mean values, which probably reflect the prevalence of lipidrelated and metabolic conditions, the correlation structures of the endophenotypes were very similar for the 2 cohorts (Table 2 and Web Table 5 ). In addition, the relationship of the metabolic endophenotype to mortality was also similar in both cohorts (HR = 1.018 and HR = 1.048 for LLFS and Health ABC, respectively) ( Table 3) . Nevertheless, the difference in the association of the metabolic endophenotype to mortality may be related to the difference in the age distributions in the 2 cohorts. Mortality risks associated with diabetes, body mass index, and lipid levels have all been found to vary by age. Diabetes-related mortality is lower in persons diagnosed at late ages than in those diagnosed in middle age (29, 30) . High levels of total cholesterol and low-density lipoprotein cholesterol are associated with greater cardiovascular and all-cause mortality in middle-aged populations than in the elderly (31), while lower HDL cholesterol levels are a stronger predictor of mortality in the elderly than is total cholesterol (32) (33) (34) . Low body mass index is associated with increased mortality risk in the elderly, independent of many comorbid conditions (35) .
There were multiple limitations of the current study, including differences in age structure, length of follow-up, and selection of subjects in our 2 cohorts, that may have affected results of the mortality analyses. Additionally, a potential bias due to the Danish national health-care system, in which there are no out-of-pocket costs for primary health care or hospitalization, could be that socioeconomically disadvantaged families genetically enriched for longevity had a better chance to survive to older ages than similar US families. However, because the selection of the Danish families was based on their better survival compared with other Danish families and not US families, this is unlikely to have affected the analyses. Furthermore, our analyses of subgroups indicated that no measureable bias occurred for constructing endophenotypes. Finally, replication of these findings in additional cohorts, perhaps including an expanded set of traits and biomarkers, is required to confirm that these endophenotypes represent robust endophenotypes that may facilitate identification of fundamental aging pathways. For example, inclusion of different traits and biomarkers will result in different endophenotypes, as evidenced by a comparison of our study with that of Cohen et al. (2) , although both groups identified slightly different endophenotypes that appear to reflect the metabolic syndrome. One way to test this latter hypothesis would be to perform genetic association studies to determine whether similar genes were implicated in both endophenotypes.
In addition to their relationship to mortality, these endophenotypes were heritable; thus, we are currently performing linkage and association analyses of these endophenotypes. These analyses may reveal variants or genes or pathways that influence fundamental processes of aging. These genetic results can be followed up in other cohorts, even if all of the endophenotype traits are not present. In addition to genetic applications, because these endophenotypes may be more reproducible across subgroups than are the individual components, they can be used in assessments of comorbidity across subgroups. Furthermore, we plan to assess their relationship with various chronic diseases and measures of frailty.
